recently reported hippocampal-entorhinal spiking in bats occurring preferentially at specific phases of nonrhythmic extracellular voltage fluctuations. This disentanglement of phase coding from continuous oscillations raises new questions about the importance of rhythms for neuronal coordination.
Neural oscillations are rhythmic fluctuations in local field potentials (LFPs) and are believed to contribute importantly to the coordination of neuronal activity. One model system in which oscillations have been particularly well characterized is the hippocampal-entorhinal memory system in rats. The integrity of this system is known to be essential for spatial and event memory. The most prominent oscillation in the rat hippocampal-entorhinal network is the theta rhythm, a largeamplitude 6-10 Hz oscillation. Theta's stable periodicity has long been theorized to facilitate the temporal organization of neuronal activity (see Colgin, 2013 , for a review). However, despite decades of research supporting the hypothesized importance of theta for neuronal coordination, an analogous continuous theta rhythm has yet to be observed in some other species (e.g., Killian et al., 2012; Yartsev et al., 2011) . In a recent issue of Cell, Eliav et al. (2018) demonstrate that, despite the absence of a continuous theta rhythm in bats, many of the spike timing phenomena thought to be intrinsically linked to theta in rats remain present, even without consistent theta rhythmicity.
Eliav and colleagues recorded spikes and LFPs from hippocampus or entorhinal cortex of bats during crawling or flying behaviors. The authors report that spikes in both regions tended to occur at specific phases of aperiodic fluctuations in the LFP (Figure 1 ). Thus, even without a continuous rhythm present in the LFP, irregular voltage fluctuations still proffered a mechanism by which spikes from different neurons could be temporally grouped. The authors further demonstrated that spikes from some neurons occurred at a faster frequency than that of the simultaneous voltage fluctuations in the LFP. Thus, spikes occurred at progressively earlier phases of the underlying voltage fluctuations across time, reminiscent of a well-known theta-related phenomenon termed ''phase precession.'' When analyses were restricted to hippocampal neurons that fire only in discrete locations (i.e., ''place cells''), this arrhythmic phase precession was also associated with phase coding of animals' location. That is, the bats' position relative to the center of a place cell's spatial receptive field was negatively correlated with the phase of voltage fluctuations at which spikes occurred (Figure 1, right) . Phase precession and phase coding are phenomena that were previously thought to be inextricably tied to theta oscillations. Thus, Eliav et al.'s discovery that spike-phase coding and theta oscillations can be disentangled marks an important advance for the field, showing that a continuous rhythm is not a prerequisite for these physiological place cell processes to occur.
The current results are consistent with a leading model of phase precession, originally put forward by Mehta et al., (2002) . In this model, gradually increasing excitation occurs upon a background of rhythmic inhibition provided by interneurons firing at theta frequencies. To fit the model with the current findings, only a minor modification is needed-namely, a background of non-rhythmic fluctuations in inhibition. This assumption is consistent with the new results, considering that bat hippocampal interneurons were not found to fire at theta frequencies as rat hippocampal interneurons do, instead exhibiting non-rhythmic firing patterns. As thetamodulated interneurons represent the traditional classification of ''theta cells'' in the hippocampal network, it is likely that synaptic currents generated by nonrhythmically firing interneurons explain the observed LFP fluctuations.
The previously accepted reliance of phase precession and phase coding on the continuous theta oscillation is but one example of theta's hypothesized importance for neuronal coding. A sequence of spikes occurring within each individual theta cycle can represent a path starting behind and extending ahead of an animal, and it has been posited that such ''theta sequences'' offer a mechanism for discretizing chunks of information (see Colgin, 2013 , for a review). Eliav et al.'s finding that individual bat hippocampal and entorhinal neurons prefer to emit action potentials on particular phases of non-rhythmic voltage fluctuations suggests that this processing scheme may extend beyond the boundaries of the canonical theta oscillation and instead may be a more general mechanism not reliant upon a continuous rhythm.
Still, the absence of continuous theta oscillations in humans, monkeys, and bats has been a source of curiosity in the hippocampal field for some time. Short (400 ms) ''theta bouts'' have been reported in each of these species (Kahana et al., 1999; Killian et al., 2012; Yartsev et al., 2011) ; however, whether these bouts are analogous to the continuous and conspicuous theta rhythms observed in rodents has remained unclear. Eliav et al. (2018) report that theta bouts were similarly likely to occur as short epochs at other frequencies from 1 to 20 Hz, and all occurred no more often than would be expected by chance. The authors interpreted this finding as evidence that previously reported theta bouts in bats were likely miscategorized instances of non-rhythmic voltage fluctuations passing through the theta-band. Future work investigating the presence of rhythmic bouts in particular frequency bands will likely require new approaches for detecting consistently recurring LFP patterns, without incorporating pre-conceived assumptions about frequencies. Such techniques may prove useful for identifying periods of noncontinuous oscillatory activity in other frequency ranges as well.
In any case, it remains a question why theta is not strongly present in the bat brain. Speculation has been offered previously and in the current report by Eliav et al. (2018) . One possible answer involves differences in the way rats and other animals explore their environments. Previous studies have demonstrated that the timing of whisking and sniffing behaviors correlates with the timing of theta rhythms when rats are actively sampling their environment (Macrides et al., 1982; Grion et al., 2016) . Egyptian fruit bats, however, utilize a rather coarse-grained echolocation, a sense with no obvious relationship to theta rhythms. Thus, theta coordination of exploratory behaviors and neuronal responses may not facilitate processing of episodic memories in bats as has been proposed in rodents. Indeed, one can imagine that a dominant rhythm enforcing 8 Hz neuronal activity in bats would actually be deleterious to neural processing. Experiments that test how timing of sensory sampling affects memory may be required to shed additional light on the relationship between coordination of sensory acquisition and oscillatory activity across species. For example, it would be interesting to test how delivering stimuli in a theta-synchronous manner affects memory in rats and bats, analogous to approaches used to study effects of theta entrainment of responses in humans (Wang et al., 2018) .
Clarification of these issues will likely come from further characterization of the bat brain and, in particular, the properties of neurons within the bats' medial septum (MS). In rats, the MS contains interneurons that fire rhythmically at theta frequencies (see Colgin, 2013 , for a review). It is possible that MS interneurons in bats lack this rhythmic firing and that nonrhythmic voltage fluctuations within the hippocampal-entorhinal system follow non-rhythmic firing of MS interneurons. It would also be interesting to test whether rhythmic activation of septal interneurons can pace theta rhythmic activity in the hippocampus of bats, as occurs in rodents (Zutshi et al., 2018) . It is possible that such manipulations will be ineffective in the bat entorhinal-hippocampal network, considering that entorhinal cortex neu-rons in the bat have been shown to lack resonance in the theta range (Heys et al., 2013) . Perhaps what is most important for bats is not rhythmicity at any particular frequency but instead just a mechanism for temporally coordinating the activity of distributed groups of neurons.
Another very important question that remains is the extent to which non-rhythmic voltage fluctuations in bats are synchronous throughout the hippocampal entorhinal system. Phase-specific firing in the hippocampus and entorhinal cortex may suggest coupled non-rhythmic fluctuations between the two regions. Other regions receiving hippocampal projections, such as the medial prefrontal cortex, may also exhibit fluctuations in voltage that are coherent with hippocampal voltage swings. Additional work recording simultaneously from multiple subregions in bats will elucidate this important research avenue, clarifying the mechanisms by which arrhythmic fluctuations can become coherent across regions and assessing the functional significance of such coherence.
The present work suggests that coherent arrhythmic fluctuations would be able to serve the same function as coherent rhythmic oscillations-that is, ensuring that neurons interacting to carry out related functions are likely to be active around the same time. Still, regular rhythms are a prominent characteristic of many biological and physical systems. And, as those amateur musicians and dance enthusiasts among us can attest, a regular rhythm is easier to follow than an unpredictable, non-rhythmic beat. Therefore, the most puzzling question arising from the findings of Eliav and colleagues may be why bat brains do not take advantage of the stable dynamics provided by oscillations. Bat hippocampal neurons exhibit spike phase synchrony and phase-coding like rat hippocampal neurons despite the absence of a continuous rhythm in the bat LFP. Reproduced with permission from Eliav et al., 2018. 
